Abstract Li-Fraumeni syndrome (LFS) is an autosomal dominant condition associated with a high risk of a broad range of childhood-and adult-onset cancers. LFS is related to germline mutations of the tumor-suppressor gene TP53. The most common reported leukemia associated with LFS is hypodiploid acute lymphoblastic leukemia, but myeloid malignancies including acute myeloid leukemia (AML), chronic myeloid leukemia, and myelodysplastic syndrome (MDS) are also reported, often in the setting of therapy-related disease. We reviewed the clinicopathologic characteristics including cytogenetics and molecular analysis for seven adult patients with LFS and hematologic malignancies evaluated at the Hereditary Hematologic Malignancy Clinic (HHMC) at MD Anderson Cancer Center. We present this LFS review series to increase awareness of LFS for the appropriate diagnosis of both patients and potentially affected relatives, as well as provide experience with patient outcomes in this difficult to treat population.
INTRODUCTION
Li-Fraumeni syndrome (LFS) is a rare autosomal dominant cancer predisposition syndrome caused by germline TP53 gene mutations, first described in 1969 by Li and Fraumeni (Li and Fraumeni 1969) . Patients with this syndrome are at increased risk of developing multiple primary tumors including breast cancer, soft tissue sarcoma, brain tumors, osteosarcoma, and adrenocortical carcinoma (Gonzalez et al. 2009; Ruijs et al. 2010) . Other cancers associated with LFS include ovarian, gastrointestinal, pancreatic, genitourinary, skin, renal, thyroid, prostate, and lung, as well as leukemia, lymphoma, and neuroblastoma (McBride et al. 2014) . Incidence of leukemias in LFS is ∼4% (Bougeard et al. 2015; World Health Organization 2018) , including hypodiploid acute lymphoblastic leukemia (ALL) and therapy-related myeloid disorders including acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS) (Li et al. 1988; Law et al. 1991; Birch et al. 2001; Talwalkar et al. 2010) .
Two published algorithms are utilized to identify patients at risk of LFS who would benefit from molecular testing, the classical LFS criteria and the Chompret criteria (Tinat et al. 2009; Bougeard et al. 2015) , detailed in Table 1 . Criteria include a personal history of sarcoma or other LFS spectrum tumors and a family history of cancers at a young age, indicating the importance of obtaining an accurate family history in the evaluation of cancer patients. When used alone, the classical LFS criteria have a lower sensitivity of 40% and the Chompret criteria have a sensitivity of 20% (Sorrell et al. 2013 ), but when combined, they have a sensitivity of 95% and a specificity of 52% in identifying patients with LFS .
Age-related and sex-specific cancer risks with LFS were reported by Chompret et al. (2000) . The overall risks of men to develop cancer by ages 16, 45, and 85 yr are 19%, 41%, and 73%, respectively, whereas the risks of women by ages 16, 45, and 85 yr are 12%, 84%, and 100%, respectively (Varley et al. 1997; Chompret et al. 2000) . Truncating variants have been suggested to result in decreased penetrance and later age at onset compared to the more common missense mutations (Zerdoumi et al. 2013) . Given the dramatic lifetime risk of cancer, individuals with a diagnosis of LFS are followed twice annually by the Li-Fraumeni Education and Early Detection (LEAD) cancer prevention clinic, with biannual physical exam, blood work, and imaging including whole-body magnetic resonance imaging (MRI) for early detection.
Despite the known association of LFS with hematologic malignancies, there is limited awareness of LFS in the adult malignant hematology community. In this case series, we report on the presentation, treatment, and patient outcome of seven adult patients with LFS and hematologic malignancy who were evaluated within the Hereditary Hematologic Malignancy Clinic (HHMC) at the University of Texas MD Anderson Cancer Center. This cohort includes patients who were diagnosed with de novo acute leukemia with a LFS diagnosis established during leukemia therapy, as well as patients with a history of solid tumors and known LFS diagnosis, who developed therapy-related AML or MDS during follow-up within the LEAD prevention clinic.
CLINICAL HISTORIES
Case 1 A 34-yr-old woman was referred to clinical cancer genetics because of a history of early-onset breast cancer. She was diagnosed with right breast invasive ductal carcinoma at age 30 and treated with chemotherapy and radiotherapy (Table 2) . Her family history was significant for medulloblastoma in her son at age 6 yr, benign adrenal gland tumor in her daughter at age 9 mo, gastric cancer in her mother at age 21 yr, leukemia in her maternal uncle at age 16 yr, gastric cancer in her maternal grandmother when she was in her 40s, and throat cancer in her maternal great-aunt (grandmother's sister), as detailed in the pedigree in Figure 1A . The patient met Chompret criteria for LFS and underwent TP53 genetic testing, which revealed a pathogenic deletion of exons 10-11. After completion of breast cancer therapy, the patient was monitored within the LEAD program. At age 35 yr, she was diagnosed with a right thigh spindle cell sarcoma, which was treated with neoadjuvant chemotherapy + radiotherapy followed by surgical resection. Subsequently, she developed another sarcoma in her right Proband with sarcoma diagnosed before age 45 yr First-degree relative with any cancer before age 45 yr First-or second-degree relative with any cancer before age 45 yr or sarcoma at any age axillary region, which was treated with chemotherapy followed by surgical resection. At age 40 yr, she was diagnosed with therapy-related AML (t-AML) with adverse cytogenetics (monosomal karyotype with extensive chromosomal abnormalities) and IDH2 mutation (Tables 3 and 4 ). The patient underwent induction chemotherapy with fludarabine, cytarabine, and granulocyte colony-stimulating factor (FLAG). She attained a complete remission (CR) and after five courses, CR with negative MRD by multiparameter flow cytometry was confirmed and she was further consolidated with a haploidentical stem cell transplantation (SCT) with fludarabine, melphalan, and thiotepa (FMT) conditioning regimen from a tested and LFS-unaffected family member. The SCT was complicated by acute cutaneous graft versus host disease (GVHD), which resolved with topical steroids. Six months after transplantation, her AML relapsed (Table 5) . She was then treated on a Phase 1 clinical trial of azacitidine with lirilumab without response, and she then elected to transition to hospice care after sequelae of neutropenic sepsis.
Case 2 A 32-yr-old healthy woman was referred to clinical cancer genetics to undergo single-site TP53 genetic testing after a TP53 mutation was identified in her sister (proband). She was identified to have the familial TP53 nonsense mutation, c.184G>T (p.E62 * ). Her family history was significant for bilateral breast and pancreatic cancer in her sister at age 40 yr, sarcoma in another sister at age 3 yr, breast cancer in her mother at age 40 yr, and additional cancers in her maternal relatives (Fig. 1B) . The patient was enrolled in the LEAD program for proactive surveillance and screening at age 32 yr. At 35 yr, she underwent bilateral prophylactic mastectomy. Seven months later, she reported painless palate swelling, imaging was performed that demonstrated a left maxillary sinus osteosarcoma, and it was treated with chemotherapy and left maxillectomy. Cancer staging for her osteosarcoma also diagnosed thyroid cancer and at 36 yr; she underwent thyroidectomy with left-sided paratracheal neck dissection for bilateral papillary thyroid cancer. Two years later, she was noted to have pancytopenia and was diagnosed with therapy-related MDS (t-MDS) with complex cytogenetics and dual TP53 mutations c.764T>C (p.I255T) and c.184G>T (p.E62 * ). She received three courses of decitabine (one 10-d induction cycle followed by two 5-d courses) and subsequently achieved clinical response with count recovery and persistent MRD as assessed by multiparameter flow cytometry. She proceeded to an allogenic matched unrelated donor SCT (MUD-SCT) with busulfan, fludarabine, and cyclophosphamide conditioning. Unfortunately, her disease relapsed 62 d post-SCT and she was restarted on treatment with 10 d of decitabine without regaining clinical response.
Case 3
A 42-yr-old man was evaluated by the HHMC because of a history of multiple cancers and therapy-related AML at a young age. His history included pleomorphic sarcoma of the right hip and gluteal area at age 40 yr, 2 yr prior to his AML diagnosis, which had been treated with Del exons 10-11 IDH2 t-AML 10 2 32/F 45,X,der(X)t(X;3)(q22;q23),−3,add(5)(q22),der(6)t (3;6)(q13;q23),add(7)(q22),del (12) chemotherapy, radiotherapy, and surgery. His family history was significant for a history of unknown cancer in his sister at age 3 yr and in his father at age 42 yr, as shown in Figure  1C . The patient met criteria for LFS evaluation, and TP53 germline analysis was performed on cultured skin fibroblasts, which revealed two alterations, c.800G>A (p.R267Q) and c.467G>A (p.R156H), both clinically classified as variants of uncertain significance (VUS) ( Table 4) . His AML was characterized by adverse cytogenetics (including deletions in 5q, 7q, and 11q) with mutations in EGFR and TET2 in addition to the two germline TP53 mutations. The patient underwent induction chemotherapy with cladribine, idarubicin, and aracytarabine (CLIA) and achieved a complete remission. He was given a course of consolidation chemotherapy with cladribine and cytarabine and remained in complete remission with positive MRD by multiparameter flow cytometry, followed by MUD allogeneic SCT. His disease relapsed 60 d post-SCT. He received salvage treatment with an investigational anti-CD33 monoclonal antibody with no response and then received decitabine for two monthly courses (5 d and then 10 d, respectively) with no evidence of response and overall stable disease. He later opted to transition home with comfort care.
Case 4
A 28-yr-old woman with LFS presented with therapy-related AML with complex cytogenetics and BCORL1, TP53, and WT1 mutations. She had a medical history of right breast pleomorphic spindle cell sarcoma and contralateral left breast ductal carcinoma in situ (DCIS), diagnosed at age 24 yr, after which genetic testing was performed and demonstrated a germline TP53 mutation c.586C>T (p.R196 * ) (Table 4 ). Her family history was significant for glioblastoma in her father at age 25 yr, breast cancer in her paternal grandmother at age 55 yr, and head and neck cancer in a paternal cousin at age 31 yr (Fig. 1D) . The patient received induction chemotherapy with decitabine for 10 d followed by fludarabine and cytarabine for 3 d. Venetoclax was added after the initial induction cycle. She then received a second course of decitabine for 10 d with venetoclax. She received a total of three courses of this combination and achieved a partial remission, complicated by neutropenic fever and sepsis.
Case 5 A 50-yr-old woman was referred to clinical cancer genetics because of a history of multiple cancers: mixed ductal and lobular carcinoma of the right breast diagnosed at age 29 yr followed by postradiation high-grade osteosarcoma of the chest wall diagnosed at 37 yr. Her family history was significant for breast cancer in her mother at age 32 yr, lung cancer in maternal uncle at 58 yr, history of unknown cancer in her maternal grandfather at 73 yr, and breast cancer in her maternal great aunt (at a young age) as shown in Figure 1E . TP53 germline analysis was performed and revealed a c.734G>A (p.R248Q) pathogenic mutation (Table 4) , confirming LFS. At the age of 49, she was diagnosed with t-AML with complex karyotype and mutations in BCOR, DNMT3A, and her known TP53 mutation. She was started on decitabine therapy, and she received four courses, two 10-d cycles followed by 5-d cycles.
Her disease was persistent, and she then received FLAG re-induction, after which she achieved complete remission with positive MRD by multiparameter flow cytometry. She declined SCT and has received two additional courses of 5-d decitabine with the addition of venetoclax. She achieved complete remission with incomplete count recovery and is currently continued on decitabine with venetoclax treatment.
Case 6
A 34-yr-old woman with de novo hypodiploid ALL, a TP53 mutation at ∼50% variant allelic frequency, and a strong family history of cancers was referred to the HHMC for LFS evaluation. Her family history was significant for brain cancer in her brother at age 12 yr, gastric and thyroid cancers in her father in his 50s, thyroid cancer in her paternal uncle, and skin cancer (unknown details) in her paternal grandmother at young age (Fig. 1F) . Germline TP53 testing on cultured skin fibroblasts identified a TP53 c.325T>G (p.F109V) mutation, initially classified as a VUS (Table 4) . Family studies were initiated and the same variant was detected in the patient's father. Segregation data from other families were combined, and this variant was upgraded to a clinically actionable deleterious mutation by the clinical testing laboratory. She received induction chemotherapy with ofatumumab-HCVAD and subsequently achieved complete remission with negative MRD by multiparameter flow cytometry. She received three courses of consolidation with HCVAD, methotrexate, cytarabine, and rituximab followed by further consolidation with an allogeneic SCT with busulfan, fludarabine, and clofarabine conditioning from an HLA-identical and LFS-unaffected sibling. She experienced acute GVHD of the gastrointestinal tract and chronic skin GVHD, treated with systemic steroids. She is currently in remission 555 d post-SCT and continues to be followed in the LEAD clinic.
Case 7
A 24-yr-old man presented with de novo precursor T-cell ALL (T-ALL). During staging of his T-ALL, he was identified to have a synchronous asymptomatic brain tumor consistent with grade 2 astrocytoma. His family history was significant for rhabdomyosarcoma in his daughter at age 2 yr and lung cancer in his paternal great-grandfather in his 80s, as shown in Figure 1G . His T-ALL characteristics at the time of diagnosis included hypodiploid complex cytogenetics, and sequencing of the bone marrow demonstrated NOTCH1 and TP53 mutations. Based on the high clinical suspicion, evaluation for the germline versus somatic nature of this TP53 mutation was recommended, and he was referred to the HHMC. TP53 germline analysis confirmed the presence of a c.524G>A (p.R175H) mutation (Table 4) in cultured skin fibroblasts, consistent with LFS. He received induction with augmented HCVAD + asparaginase + bortezomib. He achieved complete remission with negative MRD (assessed by multiparameter flow cytometry) and then underwent MUD-SCT with a conditioning regimen of ATG, busulfan, and clofarabine. Unfortunately, his T-ALL relapsed 7 mo post-SCT. He was treated with HCVAD + bortezomib as salvage chemotherapy for two courses without response. He then received nelarabine without response, followed by an investigational Notch inhibitor, also without response. He then received clofarabine + cyclophosphamide + vincristine + bortezomib + etoposide followed by decitabine, fludarabine, idarubicin, and fludarabine (DAC-FIA) without response and ultimately transitioned home on hospice care.
RESULTS
LFS is a well-known cancer predisposition syndrome; however, the clinical awareness of LFS in adult hematology practices is minimal, and the expected outcomes of patients with LFS with various hematologic malignancies are not well described. We report on seven patients with LFS and hematologic malignancy, specifically two patients with hypodiploid ALL as their first presenting malignancy and five with therapy-related MDS or AML.
Of the patients with therapy-related myeloid malignancy, three patients had breast cancer (cases 1, 4, and 5), two had osteosarcoma (cases 2 and 5), and three had soft tissue sarcoma (cases 1, 3, and 5) preceding their hematologic malignancy. Additionally, one patient had thyroid cancer (case 2) and one had astrocytoma (case 7).
The treatments and outcomes of patients with hematological malignancies are listed in Table 2 . The median time from last chemotherapy or radiation therapy to the development of therapy-related hematological malignancy was 2 yr (range: 0-20 yr).
Two patients (cases 6 and 7) had hypodiploid ALL; both received hyper-CVAD, achieved complete remission, and proceeded to SCT. Of the five patients with myeloid neoplasms, four patients (cases 1, 3, 4, and 5) had t-AML and one (case 2) had t-MDS. All patients with t-AML received intensive chemotherapy as induction or first salvage. The patient with t-MDS (case 2) received the hypomethylating agent decitabine for t-MDS, achieved complete remission, and proceeded to SCT. At last follow-up, two (cases 1 and 5) patients with myeloid malignancy and one with hypodiploid ALL remain alive.
All patients, except cases 4 and 5, underwent SCT. Of five patients who had SCT, three patients (cases 2, 3, and 7) received a MUD-SCT, case 1 had haploidentical SCT (donor was her son, tested negative for LFS), and case 6 had matched related donor SCT (donor was her sister, tested negative for LFS). Two patients (cases 2 and 3) with myeloid neoplasms (t-MDS and t-AML, respectively) went to SCT with MRD-positive disease (defined by multiparameter flow cytometry with sensitivity of 0.01%-0.1%) and relapsed on day 62 and 60 post-SCT, respectively. Three patients (cases 1, 6, and 7), including two (cases 6 and 7) with ALL and one (case 1) with t-AML, had MRD-negative disease prior to SCT, and only one patient (case 6) remains in remission. The cytogenetic and molecular characteristics of the hematological malignancies at the time of relapse were similar to the initial presentation in all cases.
Genetic anticipation has been frequently reported with inherited cancer syndromes including LFS (Trkova et al. 2002; Ariffin et al. 2014) ; we identified the occurrence of genetic anticipation in the pedigrees of all of our patients, with a decrease in the age of onset of cancer in successive generations, as shown in Figure 1A -G.
DISCUSSION
Patients with LFS have a significant lifetime risk of developing cancer (Hu et al. 2016; Mai et al. 2016; Asdahl et al. 2017) . Although there are several published studies on LFS, the outcomes of patients with hematological malignancies remain poorly annotated. In this case series, we provide patient characteristics, including prior cancers and treatments received, leukemia diagnosis and treatments received, and outcomes in the largest case series of patients with LFS and hematologic malignancies to date.
TP53 mutations are frequently inherited, and family history remains a key criterion for the consideration of LFS. However, de novo mutations occur in ∼10%-20% of LFS cases (Chompret et al. 2000; Correa 2016 ); thus, consideration of LFS should not depend solely on a positive family history. Additionally, the phenotypic variability of cancers even within families that have the same mutation is described (Malkin 2011) , and genetic anticipation, often observed in families with LFS, has been hypothesized to be due to telomere shortening (Tabori et al. 2007) .
Although ALL is a common pediatric cancer, attention should be paid to patients with presumed somatic TP53 mutations identified on NGS panels and/or hypodiploid cytogenetics (defined as fewer than 45 chromosomes [Comeaux and Mullighan 2017] ), or the phenomenon of masked hypodiploidy, where hypodiploid genome undergoes reduplication resulting in hyperdiploid karyotype (Carroll et al. 2009 ). In the setting of hypodiploid cytogenetics, >90% of patients will have a TP53 mutation, and prior work suggests about half of these patients may have germline TP53 mutations. Identification of these patients and timely recognition of potentially affected family members can identify appropriate sibling SCT donors and allow for augmented cancer screening programs.
Overall, although most patients with hematologic malignancy and LFS were able to obtain an initial response to induction therapy (either intensive cytarabine-based treatment or augmented decitabine), clinical responses were short, and outcomes were extremely poor. Somatic TP53 mutations, often associated with complex cytogenetic abnormalities, are well described in hematologic malignancies including MDS, AML, and ALL and are known to confer poor outcomes and treatment resistance (Bowen et al. 2009; Rücker et al. 2012; Kadia et al. 2016; Middeke et al. 2016 ). Kadia and colleagues identified younger patients with TP53-mutated AML had modestly improved survival with low-intensity chemotherapy compared to intensive chemotherapy (Kadia et al. 2016) . Additionally, previous work has demonstrated the TP53-mutated lymphocytes in patients with LFS have an intrinsic resistance to conventional chemotherapeutic drugs (Pepper et al. 2003) .
Five patients (cases 1-3, 6, and 7) had SCT, including one patient with ALL who continues in a durable remission more than 1 yr post-SCT. Despite allogeneic SCT in complete remission, including three of the five patients with MRD-negative status by flow cytometry at the time of complete remission, long-term disease control was not achieved with SCT. Future improved SCT regimens and post-SCT maintenance strategies are warranted. Studies have shown that surveillance programs might increase the survival chances in LFS patients (Villani et al. 2011; Etzold et al. 2015; Nandikolla et al. 2017) . The National Comprehensive Cancer Network (NCCN) has guidelines for screening TP53 mutation carriers (Daly et al. 2017; Kratz et al. 2017) , and whole-body MRI has been shown to be an effective screening tool for early detection of solid tumors (Table 6 ; Asdahl et al. 2017; Ballinger et al. 2017; Bojadzieva et al. 2017) . The effectiveness of early detection of leukemia from screening tests such as biannual complete blood counts is less evident because of the sporadic nature of acute leukemias, and additional clinical research is needed. 
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Molecular Case Studies
Therapy-related AML and t-MDS frequently occur in patients with LFS, likely related to their extensive cancer history and myelosuppressive prior treatments. Cytotoxic agents like alkylating agents and topoisomerase inhibitors, as well as radiation therapy, are known to be associated with t-MDS/t-AML (Godley and Larson 2008) . Radiation exposure in patients with LFS should be avoided whenever possible because of the high risk of radiation-induced malignancies (Limacher et al. 2001; Cohen et al. 2005; Evans et al. 2006) . Although curative therapy must be administered for the patient with LFS and a primary solid tumor, consideration to the augmented lifetime risk of t-MDS/AML is prudent.
At MD Anderson, the LEAD program enrolls patients with germline TP53 mutations (Lammens et al. 2010; Villani et al. 2016; Ross et al. 2017 ). Patients and their family members are screened per adult screening guidelines as shown in Table 6 . The rationale behind these screening tests and exam is to detect cancer at an early age. For example, Case 2 was referred to LEAD for genetic testing after the patient's sister was found to have a TP53 mutation. She was subsequently diagnosed to have multiple cancers at early stages while being followed by the screening program. This highlights how attention to a strong personal and family history can raise suspicion for LFS and allow evaluation and surveillance programs, like LEAD, to lead to early intervention.
CONCLUSION
In this case series, we retrospectively reviewed the characteristics and outcomes of seven adult patients with LFS who developed hematologic malignancies. LFS increases the lifetime risk of cancer in many organ sites, and it is important to consider hypodiploid ALL as a possible presenting malignancy for individuals with LFS. In addition, therapy-related myeloid malignancies including MDS and AML are common in patients with LFS and portend a dismal prognosis with standard therapies and even allogenic SCT. Future TP53-independent leukemia treatment strategies and clinical trial participation are recommended. Screening and surveillance programs for inherited cancer predisposition syndromes like LFS are critical to increase awareness of patients and health-care providers, provide augmented cancer surveillance to improve patient outcomes, and also provide individualized and risk-based treatment decisions at all steps along the cancer pathway continuum.
METHODS
Patients with a diagnosis of LFS seen within the HHMC from 2014 to 2018 were included. Germline analysis for evaluation of TP53 status in patients with hematological malignancies included sequencing performed on cultured skin fibroblasts obtained from skin punch biopsy. Clinicopathologic characteristics of the hematologic malignancy including cytogenetics and molecular analysis, treatment, and clinical outcomes were reviewed. Clinical response was assessed using the International Working Group (IWG) criteria for AML and MDS (Cheson et al. 2003 (Cheson et al. , 2006 . Minimal residual disease (MRD) was evaluated by multiparameter flow cytometry with a sensitivity of 0.01%-0.1%.
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